The ability to detect moving objects is an ethologically salient function. Direction-selective neurons have been identified in the retina, thalamus, and cortex of many species, but their homology has remained unclear. For instance, it is unknown whether direction-selective retinal ganglion cells (DSGCs) exist in primates and, if so, whether they are the equivalent to mouse and rabbit DSGCs. Here, we used a molecular/circuit approach in both sexes to address these issues. In mice, we identify the transcription factor Satb2 (special AT-rich sequence-binding protein 2) as a selective marker for three RGC types: On-Off DSGCs encoding motion in either the anterior or posterior direction, a newly identified type of Off-DSGC, and an Off-sustained RGC type. In rabbits, we find that expression of Satb2 is conserved in On-Off DSGCs; however, it has evolved to include On-Off DSGCs encoding upward and downward motion in addition to anterior and posterior motion. Next, we show that macaque RGCs express Satb2 most likely in a single type. We used rabies virus-based circuitmapping tools to reveal the identity of macaque Satb2-RGCs and discovered that their dendritic arbors are relatively large and monostratified. Together, these data indicate Satb2-expressing On-Off DSGCs are likely not present in the primate retina. Moreover, if DSGCs are present in the primate retina, it is unlikely that they express Satb2.
Introduction
Object motion is arguably one the most ethologically salient visual signals because the ability to detect the direction and speed of moving elements in a visual scene is critical for the survival of species from insects to humans. What cells and circuits are used to perform these computations and how have they adapted to meet species-specific demands? Classical direction-selective neurons are defined by their ability to respond preferentially to motion along one of the four cardinal axes of visual space: upward (superior), downward (inferior), anterior (forward), or posterior (back; Barlow and Hill, 1963; Sabbah et al., 2017) . Numerous studies in primates suggest that directional motion signals in the neocortex are generated from the organization and functional properties of intracortical and/or thalamocortical inputs (Hubel and Wiesel, 1968; Schiller et al., 1976; De Valois et al., 1982; Adelson and Bergen, 1985; Hawken et al., 1988; Saul and Humphrey, 1992; Livingstone, 1998; Alonso et al., 2001 ). Indeed, direction-selective neurons in the primate thalamus are reported to be few in number with much weaker direction selectivity than cortical neurons (De Monasterio and Gouras, 1975; Lee et al., 1979; White et al., 2001; Xu et al., 2002; Dacey, 2004; Cheong et al., 2013) . The existence of direction-selective neurons in primate retina remains to be definitively established. Therefore, it is unclear whether directional signals arise in the early stages of the primate visual system or if such signals are relevant to cortical vision.
In contrast, directionally tuned neurons are found at every level of the mouse retino-geniculo-cortical pathway. Directional motion signals are first encoded in the mouse retina by a population representing ϳ20% of the total RGC population (Baden et al., 2016) . On-Off direction-selective RGCs (DSGCs) have several well documented morphological and functional features. They respond to both increments and decrements of light (OnOff) and have bistratified dendrites that co-stratify and cofasciculate with the dendrites of starburst amacrine cells (SACs), an interneuron cell type that is critical for generating directionselective responses in RGCs Weng et al., 2005; Lee and Zhou, 2006; Demb, 2007; Vaney et al., 2012) . In mice, On-Off DSGCs project to the shell region of dorsal lateral geniculate nucleus (dLGN), which in turn relays directional information to the cortex (Huberman et al., 2009; Kay et al., 2011; Rivlin-Etzion et al., 2011; Cruz-Martín et al., 2014; Bickford et al., 2015) . Moreover, Hillier et al. (2017) recently demonstrated that the retina influences direction selectivity in the upper layers of mouse visual cortex, although neurons in the deeper layer of the visual cortex are capable of creating direction-selective response de novo by the temporal integration of dLGN inputs (Lien and Scanziani, 2018) . Regardless of their circuit origins, the direction selectivity present in mouse visual circuits allows this species to perform behavioral tasks that require perceptual discrimination of motion direction (Kirkels et al., 2018; Marques et al., 2018) . Does the absence of evidence for primate On-Off DSGCs reflect convergent evolution of motion detection in mice and primates or divergence from a common ancestral template for motion computation? To probe for On-Off DSGCs in the primate retina, we took a molecular homology/circuit approach. We identified the transcription factor Satb2 (special AT-rich sequence-binding protein 2) as a marker for mouse On-Off DSGCs. Next, we discovered that expression of Satb2 in On-Off DSCGs is conserved in rabbits, an evolutionarily distant species. Then, we found that a subset of macaque RGCs indeed express Satb2 and likely comprise a single type. Using modified rabies virus-based circuit tracing, we then discovered that the morphology of primate Satb2-RGCs is strikingly different from that of mouse and rabbit On-Off DSGCs. That prompted us to assess the full spectrum of mouse RGC types expressing Satb2-RGCs using a systematic functional classification approach based on their visually evoked calcium response properties. That approach revealed that Satb2-expressing RGCs in mice include two additional groups of RGCs: a novel population of Off-DSGCs and a population of non-directionally selective Off-sustained RGCs. Therefore, the Satb2-RGCs in macaques might reflect the evolutionary conservation of specific types of Off RGCs.
Materials and Methods
Animals. All experiments were performed in accordance with National Institutes of Health and German Government guidelines and approved by Institutional Animal Care and Use Committees at University of California-San Diego, the Salk Institute, Oregon Health & Science University, and Stanford University. Two macaque monkeys (Macaca mulatta) were used for retrograde viral labeling of RGCs projecting to the dLGN. For all other experiments (immunohistochemistry, cell fills, and density analysis) eyes were obtained from terminally anesthetized macaque monkeys (M. mulatta) used in unrelated experiments.
Histology and immunohistochemistry. Mouse retinal tissue was processed for immunohistochemistry as described previously (Tang et al., 2015; . Macaque monkey retinas were immunostained in a similar manner as mouse retinas with the exception that macaque retinal tissue was fixed 4% PFA for 30 min to 1 h and 0.5% Triton X-100 detergent was used. Rabbit retinas were fixed in 4% PFA for 30 min. The retinas were washed in 1ϫ PBS for 15 min and incubated in blocking solution (10% normal horse serum, 0.25% Triton X-100, 0.025% sodium azide) for 2 h at room temperature. Rabbit retinas were then incubated in blocking solution containing primary antibodies for 2 d at 4°C. Subsequently, retinas were incubated in blocking solution containing secondary antibodies for 2 h at room temperature or overnight at 4°C. Following 4 -5 washes in 1ϫPBS for 20 min, retinas were counterstained with Hoeschst to label nuclei and coverslipped with Mowiol mounting medium.
The following primary antibodies were used: chicken anti-GFP (1: 1000, Aves Laboratories catalog #GFP-1020, RRID:AB_10000240), rabbit anti-dsRed (1:1000, Clontech Laboratories catalog #632496, RRID: AB_10013483), mouse anti-Satb2 (1:1000, Abcam catalog #ab51502, RRID:AB_882455), rabbit anti-Satb2 (1:1000, Abcam catalog #ab34735, RRID:AB_2301417), goat anti-Osteopontin (1:1000, R&D Systems catalog #AF808, RRID:AB_2194992), goat anti-ChAT (1:100, Millipore catalog #AB144P, RRID:AB_2079751), guinea pig anti-VAChT (1:500, Millipore catalog #AB1588, RRID:AB_2187981), guinea pig anti RBPMS (1:1000, PhosphoSolutions catalog #1832-RBPMS, RRID:AB_2492226), and rabbit anti-Melanopsin (1:1000, Dacey et al., 2005) . Secondary antibodies (conjugated to Alexa Fluor 488, 594, or 647) were from Invitrogen and Jackson Laboratories.
Satb2 antibody characterization. Rabbit anti-Satb2 immunogen (from Abcam): synthetic peptide conjugated to KLH derived from within residues 700 to the C terminus of mouse SATB2. Satb2 siRNA eliminates Satb2 as measured with this antibody in embryonic stem cells (Agrelo et al., 2009 (Shinmyo et al., 2016) . Sweeney et al. (2017) recently reported that the mouse anti-Satb2 antibody recognizes both Satb2 and Satb1 using Satb2 knock-out mice cortical tissue. Consistent with Sweeney et al. (2017) , we found that, in the mouse retina, only 64 Ϯ 2% of the cells labeled by mouse anti-Satb2 were also labeled by rabbit anti-Satb2 (n ϭ 2 retinas/mice; 400 cells; postnatal day 70). All rabbit anti-Satb2-labeled cells were also labeled by mouse anti-Satb2. In the macaque retina, we found that 90 Ϯ 4% of cells labeled by rabbit anti-Satb2 were also labeled by mouse anti-Satb2 (n ϭ 2 retinas; 235 cells). All mouse anti-Satb2 labeled cells were also labeled by rabbit anti-Satb2.
Retinal electrophysiology. Procedures for recording mouse RGCs were similar to those described previously (Osterhout et al., 2015) . Briefly, retinas were harvested and dissected in gassed (95% O 2 and 5% CO 2 ) Ames medium (Sigma-Aldrich) under infrared illumination. Ganglion cells were targeted for recording under infrared illumination. Presumptive On-Off cells were recorded first in a loose-patch configuration with a borosilicate glass pipettes (4 -6 M⍀) filled with Ames medium (Ames and Nesbett, 1981) . Upon confirmation of an On-Off light response, the cell was targeted for whole-cell recording with pipettes filled with intracellular solution containing the following (in mM): 120 K-methane sulfonate, 10 HEPES, 5 NaCl, 0.1 EGTA, 2 ATP-Mg 2ϩ , and 0.3 GTP-Na, titrated to pH 7.3. Chemicals were purchased from Sigma-Aldrich or Tocris Bioscience.
Patterned light stimuli were generated by custom software developed in Psychophysics Toolbox and MATLAB. Stimuli were projected onto the retina using a Dell video projector (M109s DLP) custom fitted with a UV LED (NC4U134A; final emission, 398 nm; Nichia), as described previously (Osterhout et al., 2015) . The wavelength of the light stimulus is approximately equally efficient at stimulating mouse M and S cones (Borghuis et al., 2013) . The receptive field center was mapped by recording responses to square-wave modulations of a 300-m-diameter spot at eight positions. In subsequent experiments, stimuli were presented as a brief contrast pulse (Ϯ100% Weber contrast; 300-m-diameter spot) or as drifting square-wave gratings (100% Michelson contrast; 1 Hz; 500 m/cycle; 650 m patch diameter) modulated against a background mean luminance.
Directional preference was determined by drifting the gratings across the receptive field of the cell in 12 directions for 4 s with an interstimulus interval of 10 s. The number of spikes obtained during a presentation of the gratings in a given direction was considered the response for that direction and the circular mean of the response was calculated. The four directions were represented as 90°arcs centered on each cardinal direction. The tuning of the cell was determined based upon in which arc the circular mean fell. Recorded tissue was fixed with 4% PFA and immunostained with mouse anti-Satb2 (for details, see "Histology and immunohistochemistry" section). For all other mouse experiments, rabbit anti-Satb2 was used.
Procedures for recording rabbit RGCs are described in detail previously . Briefly, retinas were harvested and dissected under IR illumination or dim red light and maintained in oxygenated bicarbonate-buffered Ames medium buffered to pH 7.4. Recordings were performed at 34 -36°C. Moving light or dark bar light stimuli were generated on a monochromatic OLED display (Emagin microdisplay; peak lambda ϭ 519 nm, 60 Hz refresh rate) and focused onto the retina through a 10ϫ Olympus water-immersion objective. Directional preference of On-Off RGCs was recorded in a loose-patch configuration by analyzing spiking responses to a drifting bar (30 to 80% Weber contrast, 150 m wide, 1 mm long, 1 mm/s) moving through the center of the receptive field in 12 directions separated by 30°. Recorded rabbit tissue was fixed with 4% PFA and immunostained with mouse anti-Satb2 (for details, see "Histology and immunohistochemistry" section). Rabbit anti-Satb2 was used to costain rabbit retinas with guinea pig anti-RBPMS.
Two-photon calcium imaging of mouse RGC visual responses. Tissue preparation, bulk electroporation, two-photon imaging, light stimulation, and data analysis including clustering were performed as described previously (Baden et al., 2016) . In brief, retinas were dissected from the eyecup, flat mounted, and then bulk electroporated with the synthetic calcium dye Oregon Green BAPTA-1 (Briggman and Euler, 2011) . To record light-evoked calcium responses in ganglion cell layer somata, we used a MOM-type two-photon microscope (designed by W. Denk, MPI, Martinsried; purchased from Sutter Instruments/Science Products) combined with a DLP projector (K11, Acer) for visual stimulation Regions of interests were defined semiautomatically. The traces were projected on the response features extracted using sparse principal component analysis from the database of visual responses used in Baden et al. (2016) . The extracted features were then used to assign each cell that passed the quality criterion to previously defined functional groups. First, we split direction-selective and non-direction-selective cells and then assigned them to cluster with highest posterior probability under the Gaussian mixture model fit in (Baden et al., 2016) for each of the two groups as follows:
Where f i is the feature representation of neuron i and c and ⌺ c are the obtained mean and covariance matrix of cluster c, respectively. Cells with large cell body were handled separately as described in Baden et al. (2016) .
After calcium imaging, retinas were fixed and immunostained with rabbit anti-Satb2 and guinea pig anti-RBPMS (for details, see "Histology and immunohistochemistry" section). The blood vessel pattern visualized by sulforhodamine-101 (Invitrogen) during the experiments (Euler et al., 2009 ) was used to find the imaged region in the fixed tissue and attribution of labeled somas to recorded cells was performed manually using ImageJ and IGOR Pro.
Macaque Satb2-RGC density quantifications. Six macaque retinas were stained with rabbit anti-Satb2 and guinea pig anti-RBPMS and z-stacks were taken of the ganglion cell layer using a Zeiss LSM 780 scanning confocal microscope from the fovea to the temporal edge of the retina. One retina was imaged from the nasal-to-temporal pole (see Fig. 4C -CЉ). For density analysis, all Satb2-expressing cells in a 1-mm-wide strip were counted. The nearest neighbor distance (NND) for each cell in a 0.56 mm 2 area from 5 fields at an eccentricity of ϳ3-5 mm from the fovea for 6 retinas was determined. The regularity index (also referred to as conformity ratio) was calculated by dividing the mean NND by the SD (Wässle and Riemann, 1978; Cook, 1996) . Regularity index of a random distribution of cells with a density similar to Satb2-RGCs was calculated from random arrays generated in R (R Development Core Team, 2014) .
Rabies virus injection into macaque dLGN. RGCs synaptically connected to geniculate neurons were labeled using modified rabies viruses (G deleted, Rb-⌬G) encoding fluorescent reporters as described previously (Briggs et al., 2016) . Briefly, a craniotomy was made above the dLGN. The depth, size, and contralateral/ipsilateral organization of the dLGN were mapped based on responses to light flashed in the eye and recorded using a tungsten electrode. Subsequently, the coordinates were used to pressure inject small volumes of Rb-⌬G encoding either GFP or mCherry at multiple depths and locations in the dLGN. Retinas and brains were harvested 6 -7 d later. Live retinas were dissected and then virus-injected macaque monkeys were transcardially perfused with 4% PFA, then 4% PFA with 10% sucrose, followed by 4% PFA with 20% sucrose. Brains were removed and pieces were immersed in 30% sucrose at 4°C for 1-2 weeks and sectioned at 40 m on a sliding microtome. Brain sections were immunostained as described previously . Retinas infected with Rb-⌬G-GFP were immunostained with rabbit anti-Satb2 and retinas infected with Rb-⌬G-mCherry were immunostained with mouse anti-Satb2.
Macaque RGC cell fills, 3D reconstruction, and quantification. Individual RGCs were filled using sharp glass micropipettes containing Alexa Fluor 555 hydrizide (Invitrogen, A20501MP) dye by iontophoretic injection as described previously Cruz-Martin et al., 2014; . Dye-filled or rabies infected (fluorescent) RGCs were imaged using a Zeiss LSM 780 scanning confocal microscope. 3D reconstructions of imaged dendrites were generated using Neurolucida software (MicroBrightField). The dendritic diameter and dendritic stratification depth of the reconstructions were calculated using ImageJ software as described previously Bleckert et al., 2014; . Sholl analyses and the number of branch points were determined using Neurolucida explorer (MicroBrightField). For Sholl analyses, 10 concentric rings at equidistant intervals centered on the soma were placed over the dendritic field. The radius of the innermost ring (proximal to the soma) was based on the size of the total dendritic field, so that the outermost (10 th ) ring encompassed the tips of the most distal dendrites (Krahe et al., 2011; . For photomicrographs in Figures 5C and 6C, fluorescence from sources other than the GFP-filled cell (e.g., background staining, vasculature, etc.) were digitally masked for clarity. Exemplar photomicrographs on non-masked Satb2-RGCs and corresponding 3D reconstructions are shown in Figure 7 -1 (available at https://doi.org/10.1523/JNEUROSCI.1784-18.2018.f7-1).
Experimental design and statistical analysis. For functional imaging experiments, C57BL6 (wild-type) mice were used. For all other analyses, 3-week-old to 3-month-old mice were used. Mice, pigmented adult rabbits, and macaque monkeys of both sexes were used for experiments. All data are expressed as mean Ϯ SEM. Data were considered significant when p Ͻ 0.05 as determined by Student's t test using GraphPad Prism software.
Results

Satb2 is enriched in specific subtypes of mouse On-Off DSGCs
The identification of markers of cell types has greatly advanced our understanding of the organization, development, and function of the nervous system, especially in primate species (Dacey et al., 2005; Lee et al., 2016; Chandra et al., 2017; Hannibal et al., 2017; Johnson et al., 2017; Zhang et al., 2018) . We hypothesized that if On-Off DSGCs were conserved across species, then perhaps the genetic pathways that define this RGC type would also be conserved (schematized in Fig. 1A) .
We initiated the search in the mouse, a species in which OnOff DSGCs have been identified by electrophysiology (Weng et al., 2005; Chen et al., 2009 ), imaging (Baden et al., 2016 , and genetic markers (Kim et al., 2008; Huberman et al., 2009; Kay et al., 2011; Rivlin-Etzion et al., 2011) . To identify molecular markers selectively enriched in mouse On-Off DSGCs, we performed an immunohistochemical screen focusing on transcriptional factors and identified Satb2 as an intriguing candidate. Both the structure and function of Satb2 are highly conserved across vertebrate species (FitzPatrick et al., 2003; Sheehan-Rooney et al., 2010) . Satb2 is most notable for its role in specifying cortical neuronal identity and craniofacial patterning (for review, see Leone et al., 2008; Zhao et al., 2014) .
There are four basic types of On-Off DSGCs, each encoding motion along one of the cardinal axes in visual space: anterior, posterior, upward, and downward. To determine whether Satb2 was a bona fide marker for mouse On-Off DSGCs, we first stained retinas from Trhr-GFP and Drd4-GFP mice, two transgenic mouse lines in which posterior-tuned On-Off DSGCs express GFP with antibodies against Satb2. We found that nearly all posterior-tuned On-Off DSGCs express Satb2 (ϳ97% Trhr-GFP RGCs; 371 cells from 3 retinas/mice, and ϳ76% Drd4-GFP RGCs express Satb2; 545 cells from 3 retinas/mice; Fig. 1B -CЉ,F ). By contrast, On-Off DSGCs tuned for upward motion and labeled in Hb9-GFP mice do not express Satb2 (0% Hb9-GFP RGCs express Satb2; 727 cells from 2 retinas/mice; Fig. 1D -DЉ,F ). Furthermore, we found that Satb2 expression was very rare in the direction-selective RGCs that comprise the image stabilization accessory optic system and that are genetically labeled in Hoxd10-GFP mice (Dhande et al., 2013; ϳ1% Hoxd10-GFP RGCs express Satb2; 348 cells from 3 retinas/mice; Fig. 1E -EЉ,F ). Overall, these results indicate that Satb2 is not a pan-DSGC marker, but rather labels a subset of the On-Off DSGC population. We also assessed whether other prominent RGC types express Satb2. Satb2 expression was not detected in mouse ␣-RGCs in either Osteopontinexpressing ␣-RGCs ( Together, these data suggest that Satb2 is highly enriched in certain subtypes of On-Off DSGCs (posterior but not upward), but whether Satb2 is expressed by the other anterior and downward subtypes of On-Off DSGCs, for which there currently are no exclusive markers (transgenic or molecular), remained unclear.
Satb2 selectively marks anterior and posterior On-Off DSGCs in mice
Next, we physiologically identified each of the four types of OnOff DSGCs that encode different cardinal directions and investigated whether they express Satb2. We performed in vitro wholecell recording and measured the responses of RGCs to motion stimuli and intracellularly dye filled the recorded cells to reveal their dendritic morphology and stratification because those features together provide unequivocal evidence of On-Off DSGC identity in mice. We confirmed the identity of recorded cells as On-Off DSGCs based on the following: (1) their responses to increments and decrements of light (On-Off responses), (2) their directional tuning, and (3) the co-stratification of their dendrites with the processes of SACs, a hallmark feature of DSGCs.
We encountered 12 posterior-tuned and 10 upward-tuned On-Off DSGCs and, after the recordings, stained them for Satb2. The majority of posterior-tuned On-Off DSGCs expressed Satb2 (9/12 cells; Fig. 2A-AЉ) , whereas none of the upward-tuned OnOff DSGCs expressed Satb2 (0/10 cells; Fig. 2B -BЉ), consistent with our findings above. We found that On-Off DSGCs preferring anterior motion expressed Satb2 (5/7 cells; Fig. 2C-CЉ) , whereas downward-tuned On-Off DSGCs rarely expressed Satb2 (1/8 cells; Fig. 2D -DЉ). These data reveal an unexpected level of specificity of Satb2 expression in mouse On-Off DSGCs, with expression being restricted to DSGCs encoding motion either in the anterior or posterior direction, but not in the upward or downward direction.
Satb2 expression is conserved in rabbit On-Off DSGCs
The rabbit retina has long served as a model for studying the circuit architecture and synaptic mechanisms underlying retinal direction selectivity (for review, see Vaney et al., 2012; Wei, 2018) . Indeed, the first functional and structural characterization of On-Off DSGCs was reported in rabbits (Barlow and Hill, 1963; Amthor et al., 1984) . Moreover, several identifying features are conserved between mouse and rabbit On-Off DSGCs, including four types of On-Off DSGCs each responding best to motion along one of the four cardinal axes and their bistratified dendrites that co-fasciculate with the processes of SACs (Vaney et al., 2012; Wei, 2018) . Are these similarities also reflected at the molecular level? To answer this question, we costained rabbit retinas for Satb2 and RBPMS an RGC-specific marker (Rodriguez et al., 2014). We found that 100% of rabbit Satb2 cells in the ganglion cell layer were RGCs (Fig. 3A-AЉ) , which is identical to the pattern in mice (100% coexpression of Satb2 and RBPMS in the ganglion cell layer; 1012 cells from 3 retinas/mice; Fig. 1-1A -AЉ,E, available at https://doi. org/10.1523/JNEUROSCI.1784-18.2018.f1-1).
Next, we performed loose-patch recordings and identified On-Off DSGCs based on their visual responses to flashes of light and moving stimuli presented within their receptive field. As described above for mouse On-Off DSGCs, after the recordings, the dendritic morphology of rabbit DSGCs was visualized by intracellular dye fills and the recorded cells stained for Satb2 protein. In rabbits, we found that both anterior-tuned and posteriortuned On-Off DSGCs express Satb2 (n ϭ 4/5 and 1/1 cells, respectively; Fig. 3B-F ) , which is in agreement with our findings in mice. Interestingly, however, upward-tuned and downwardtuned rabbit On-Off DSGCs appeared to also express Satb2 (n ϭ 2/2 and 2/2 cells, respectively).
To test the specificity of this marker for On-Off DSGCs in rabbits, we examined other RGC types that are not direction selective. We found that Off-sustained RGCs did not express Satb2 (0/5 cells; Fig. 3G-I ). We also found that On-sustained, Off-transient, and On-transient RGCs did not express Satb2 (0/1, 0/2, and 0/1 cells, respectively). However, due to the small sample size, we cannot conclusively state that Satb2 expression in rabbits is restricted to only On-Off DSGCs. Regardless, these data do indicate that Satb2 marks On-Off DSGCs in both mice and rabbits. In mice, Satb2 is restricted to anterior-tuned and posteriortuned On-Off DSGCs, whereas in rabbits, the expression of Satb2 extends to On-Off DSGCs tuned for each of the four cardinal directions.
Primate Satb2-RGCs comprise a single RGC type The retinas of Old World primates possess several unique architectural and functional features not found in mice and rabbits, such as a foveal pit and high acuity trichromacy. However, there are also many features conserved among primate, murine, and lagomorph retinas (for review, see Wässle, 2004; Euler et al., 2014; Priebe and McGee, 2014; . Indeed, at a molecular level, human and mouse RGCs express many of the same transcription factors (Sluch et al., 2015; Langer et al., 2018) .
Because we found that Satb2 is a marker for mouse and rabbit On-Off DSGCs (Figs. 1, 2, 3) , we searched for the presence of Satb2-expressing RGCs in the primate retina. We were particularly interested in determining whether, if present, Satb2- expressing neurons in the primate retina are RGCs and, if so, whether their morphology and connectivity are similar to On-Off DSGCs in mice and rabbits. We co-immunostained flat-mounted macaque retinas for Satb2 and RBPMS and found that, indeed, Satb2-expressing neurons are present and that all of the Satb2-expressing cells in the ganglion cell layer of the primate retina were RGCs (n ϭ 289 cells, Fig. 4B-BЉ) . This result is consistent with our Satb2/RBPMS staining results in mice and rabbits.
RGC density, both at the level of all RGCs and as individual types, is significantly higher in the macaque fovea than in the periphery (Perry and Cowey, 1985; Wässle et al., 1989; Silveira and Perry, 1991; Dacey et al., 2005; Crook et al., 2008) . This, in turn, is reflected by a relatively larger central areal representation of the fovea in the visual cortex that gives rise to higher acuity for central versus peripheral vision. Therefore, next, we examined the density profile of Satb2-RGCs by staining flat-mount retinas for Satb2 and counting the number of Satb2-RGCs located within a 1-mm-wide strip spanning from the temporal to the nasal pole of the retina (Fig. 4C-CЉ) . We found that the density of Satb2-RGCs scales inversely with eccentricity (distance from the fovea), with a peak density of ϳ108 Satb2-RGCs/mm 2 near the fovea to ϳ12 Satb2 RGCs/mm 2 in the far periphery (Ͼ9 mm from the fovea; Fig. 4D ). These density measurements indicate that, in primates, Satb2-RGCs comprise ϳ1-2% of the total RGC population (Wässle et al., 1989) .
The relatively low overall density of Satb2-RGCs suggests that they may represent an individual RGC type. One distinguishing feature of individual RGC types is that their somas are often nonrandomly distributed to form a "regular" mosaic pattern, especially in primates (Wässle et al., 1981; Cook, 1996) . Therefore, we analyzed the spatial distribution of primate Satb2-RGCs. Our analysis of the NND revealed that Satb2-RGCs do in fact form a relatively regular mosaic, with a mean distance of ϳ70 m between Satb2-RGCs (Fig. 4E) . We also computed the regularity index (NND divided by 1 SD), a measure of the spatial regularity of the cellular mosaic, in which an index of 1.81 indicates a random array (see Materials and Methods) and increasing index value indicates an increasingly regular mosaic pattern. Satb2-RGCs have a regularity index of 2.24, which is significantly different from the regularity index of a random array with a similar density ( p ϭ 0.000039). The regularity index of Satb2-RGCs is comparable to the regularity index of the previously studied parasol RGCs (On and Off) and melanopsin RGCs (inner and outer; 2.6 and 2.4, respectively, from Liao et al., 2016; Fig. 4F ). Together, these data suggest that Satb2 may be expressed by a single RGC type.
Rabies virus circuit mapping in primate implicates
Satb2-RGCs in image formation
The retino-geniculo-cortical pathway is the main conduit for spatial vision and the basis for visual perception. In primates, this pathway is dominated by midget and parasol RGC inputs, however, the dLGN receives visual information other RGC types as well (Dacey et al., 2003; Crook et al., 2008; Szmajda et al., 2008; Percival et al., 2014) . To determine whether Satb2-RGCs contribute to the retino-geniculo-cortical pathway, we stereotaxically injected modified rabies virus (glycoprotein deleted) encoding fluorescent reporter proteins (Rb-⌬G-XFP; X: GFP or mCherry) into the dLGN of adult macaques in vivo. Rb-⌬G-XFP infects neurons via their presynaptic terminals and thus retrogradely labels RGCs that are synaptically connected to geniculate neurons (schematized in Fig. 5 A, AЈ-BЉ; Dhande et al., 2013; Cruz-Martín et al., 2014). Rb-⌬G-XFP does not progress beyond the initially infected neuron, but does "fill" the entire cell with fluorescent reporter expression, allowing high specificity and resolution visualization of dLGN-projecting RGCs. By combining this approach with harvesting and immunostaining of the entire retina for Satb2, we discovered that at least some of the Satb2-expressing RGCs in the macaque retina extend axons to the brain, which synapse in the dLGN (Fig. 5B-BЉ) . The retinal distribution pattern of Satb2-RGCs (see above) together with their projections to the dLGN suggest that Satb2-RGCs may play a role in supporting cortically based visual processing.
Because Rb-⌬G-XFP infection results in complete fluorescent labeling of the soma, axons, and dendrites of the infected RGCs, we were able to characterize the infected cells' morphologies and compare them with other known primate RGC types (Fig. 5C-E) , including parasol and midget ganglion cells, which together account for ϳ75% of all macaque RGCs (Dacey, 2004; Wässle, 2004) . Parasol and midget RGCs did not express Satb2 (On-and Off-parasol RGCs expressing Satb2: 0/4; On-and Offmidget RGCs expressing Satb2: 0/7; Fig.  6 A, B) . In addition, Rb-⌬G-XFP also labeled melanopsin RGCs identified by their "giant" dendritic fields and monostratified dendrites (Dacey et al., 2005) and these cells also did not express Satb2 protein (n ϭ 4 cells; Fig. 6C ). Moreover, we also stained macaque retinas with antibodies against melanopsin protein and Satb2 and found no colabeling between these two markers (n ϭ 37 cells; Fig. 6D ), similar to our findings in mice (see above).
Unique morphological features of macaque Satb2-RGCs
Analysis of the dendritic morphology of Satb2-RGCs recovered from different retinal eccentricities (schematized in Fig.  7 A, B-D) revealed several interesting morphological aspects. First, these cells have large dendritic fields; the average dendritic field of a Satb2-RGCs is significantly larger than that of midget or parasol RGCs (Figs. 5E, 7B-F; mean dendritic diameters: Satb2-RGCs: 428 Ϯ 40 m, n ϭ 10 cells; On-and Off-parasol RGCs: 184 Ϯ 6 m, n ϭ 35; On-and Off-midget RGCs: 62 Ϯ 3 m, n ϭ 10; p ϭ 2.4 ϫ 10 Ϫ12 for Satb2-RGCs vs parasol RGCs and p ϭ 7.9 ϫ 10 Ϫ8 for Satb2-RGCs vs midget RGCs). Also, Satb2-RGCs tended to have smaller dendritic fields than melanopsin RGCs, which are the largest RGCs identified thus far in the macaque retina (mean dendritic diameter of macaque melanopsin RGC: 566 Ϯ 118 m, n ϭ 3; p ϭ 0.17; Liao et al., 2016: ϳ718 -761 m). Second, the dendritic branching of Satb2-RGCs was relatively sparse, especially in comparison to midget and parasol RGCs (cf. Figs. 5E and 7B-D vs 7E). Satb2-RGCs had significantly fewer branch points in comparison to parasol RGCs (mean number of dendritic branches: Satb2-RGCs: 116 Ϯ 25, n ϭ 8; On-and Off-parasol RGCs: 212 Ϯ 24, n ϭ 5; p ϭ 0.03; Fig. 7G, inset) . To further quantify dendritic complexity, we performed Sholl analysis (see the Materials and Methods), which revealed that Satb2-RGCs make significantly fewer dendritic intersections in comparison to parasol RGCs (Satb2-RGCs: n ϭ 10; parasol RGCs: n ϭ 5; Ring1-10: p ϭ 0.6969, p ϭ 0.0163, p ϭ 0.0004, p ϭ 0.0001, p ϭ 0.0024, p ϭ 0.0161, p ϭ 0.0061, p ϭ 0.1086, p ϭ 0.6572, p ϭ 0.8547; Fig. 7G ). Together, these data demonstrate that dendritic field of Satb2 RGC is indeed larger and less complex than parasol RGCs. The complexity of Satb2-RGCs was not significantly different from melanopsin RGCs (n ϭ 4; mean number of dendritic branches: 82 Ϯ 31, p ϭ 0.43; Ring1-10: p ϭ 0.711, p ϭ 0.355, p ϭ 0.14, p ϭ 0.368, p ϭ 0.467, p ϭ 0.176, p ϭ 0.046, p ϭ 0.066, p ϭ 0.07, p ϭ 0.095; Figure  7G ). Third, the dendritic area of Satb2-RGCs scales as a function of eccentricity; the arbors are smaller for cells positioned near the fovea (ϳ220 m, Fig. 7B ) and more than double in size (ϳ560 m, Fig. 7D ) for the Satb2-RGCs located in the periphery. Therefore, the size of Satb2-RGCs scales inversely with their density, similar to other RGC types (Dacey, 2004; Field and Chichilnisky, 2007) , thereby allowing them to maintain optimal coverage across the retina.
The vertical depth where a RGC's dendrites stratify within the inner plexiform layer of the retina reflects its potential synaptic partners and thus is suggestive of its functional attributes (Roska and Werblin, 2001; Sümbül et al., 2014) . Indeed, a signature feature of On-Off DSGCs in mice and rabbits is their bistratified dendritic arbor and dendritic co-stratification with the processes of SACs (Figs. 2, 3; Famiglietti, 1992; Vaney and Pow, 2000; Vaney et al., 2012) . Therefore, we analyzed the stratification of macaque Satb2-RGCs (see Materials and Methods) and found that the dendrites of all macaque Satb2-RGCs were monostratified ( Fig. 7H-J ) . Their dendrites stratified distal from their cell bodies and close to the inner nuclear layer (Fig. 7 I, J; relative depth: 79 Ϯ 3%, n ϭ 5), similar to the stratification depth of Off-parasol and Off-midget RGCs (Fig. 7 I, J; relative depth: 75 Ϯ 2%, n ϭ 14 and 76 Ϯ 2%, n ϭ 1, respectively).
Collectively, these data demonstrate that Satb2-RGCs in the macaque retina are strikingly different from Satb2-expressing On-Off DSGCs found in mice and rabbits. The monostratification of their large arbors in the Off sublamina of the inner plexiform layer suggest they respond to light offsets (Off RGCs). Multiple types of monostratified large-field RGCs have been previously identified in the macaque retina (Dacey, 2004; Yamada et al., 2005) . The stratification depth and branching pattern of Satb2-RGCs most closely resemble the morphology of the outer-sparse-monostratified RGCs described by Dacey (2004) . However, a direct comparison is difficult because quantitative descriptions of the morphological properties of outer-sparsemonostratified RGCs are lacking. Regardless, our data indicate that, even though Satb2 is expressed by mouse, rabbit, and macaque RGCs, the type of RGCs expressing Satb2 in macaque seems markedly different.
Imaging visual responses of mouse Satb2-RGCs uncovers their diversity
One possible explanation for our results is that Satb2 was repurposed in primate evolution and now marks one or more RGC type(s) that are different from Satb2-RGCs in mice and rabbits. Alternatively, the fact that Satb2-RGCs in primate are morphologically distinct from their mouse and rabbit "counterparts" may point to a different possibility: that there is a conserved monostratified Off RGC type in all three studied species that we overlooked. Indeed, our electrophysiological analysis of mouse and rabbit retina was not exhaustive and was focused on targeting On-Off DSGCs. Therefore, to determine whether there is a conserved Satb2 RGC in all three species, we decided to reexamine Satb2-expressing RGC types in the mouse retina using a more systematic, unbiased approach. We imaged light-evoked calcium signals across large populations of RGCs and used a battery of visual stimuli (e.g., full-field chirp, moving bars, dense noise) shown previously to discriminate a broad range of RGC types based on their functional properties ( Fig. 8 ; Baden et al., 2016) . After the recordings, we stained the imaged retinas for Satb2 and the RGC marker RBPMS to identify the Satb2-RGCs from among the recorded RGC population (Fig. 8 B, C) .
Using this approach, we recorded visual responses from 1290 cells (n ϭ 4 retinas/mice). Of these cells, 58 cells expressed Satb2, with 42 Satb2-positive cells passing the quality criterion (Baden et al., 2016) . We assigned these cells to the functional clusters obtained in Baden et al. (2016) . More than 70% of the Satb2-expressing cells that passed the quantity criteria were consistently allocated to three RGC groups (Fig. 8D) . As expected, one major group was On-Off DSGCs ( Fig. 8D ; n ϭ 6 cells; G 12 : Baden et al., 2016) and of those On-Off DSGCs, 4/6 preferred motion along the posterior axis (Fig. 8E) . These data complement the findings from our molecular and electrophysiological analysis (Figs. 1, 2) showing that, in mouse On-Off DSGC types, Satb2 is enriched in those tuned for posterior motion.
The second major group comprised a newly identified type of Off DSGCs (n ϭ 8 cells; G 2 : Baden et al., 2016; Fig. 8 D, F ) . This Off DSGC type has a relatively small receptive field, stratifies between the On and Off starburst dendritic plexus, and responds to light offsets (Baden et al., 2016) . The morphology, receptive field properties, and directional preference of these Satb2-expressing Off-DSGCs were reported to be distinct from the Off DSGCs labeled in the JAM-B mouse line (Kim et al., 2008; Baden et al., 2016) . The third major Satb2-expressing group consisted of Off-sustained RGCs that were not direction selective (n ϭ 7 cells; G 7 : Baden et al., 2016; Fig. 8 D, F ) . Their dendrites stratify close to the Off starburst dendritic plexus and they respond robustly to light offset (Baden et al., 2016) . The remaining 21 recorded Satb2-RGCs were distributed across 10 functional groups (G 1,4,5,7,9,11,12,14,16,17,26,29 ; Fig. 8D ) with similar functional properties (Off responsive or direction selective; Baden et al., 2016) , possibly repressing inaccurate assignment in the clustering procedure.
Although these data demonstrate that Satb2-RGCs include RGC types other than On-Off DSGCs, it is interesting that the other two major Satb2-RGC types (Off DSGCs and Off-sustained RGCs) respond to the offset of light and stratify their dendrites in the Off sublamina of the inner plexiform layer, similar to the stratification depth of macaque Satb2-RGCs. Therefore, if OnOff DSGCs are present in the primate retina, then they do not appear to express Satb2. At the same time, our results indicate that some Satb2-RGC groups might be conserved between mice and macaque monkeys.
Discussion
Visual motion detection is a behaviorally relevant and evolutionarily conserved computation. Decades of work has focused on the cells, circuits, and mechanisms that underlie motion detection, in particular directional motion detection, in the visual system of various species, including primates. Whether DSGCs are present in the primate retina essentially remains mysterious. One major hindrance to solving this problem has been that anatomical and physiological approaches alone do not allow unequivocal identification of common cell types across species. Although the addition of molecular markers does not resolve it entirely, it can bolster the effort. Indeed, here we show that, by identifying the transcription factor Satb2 as a new molecular marker of rabbit and mouse On-Off DSGCs and a subset of mouse Off DSGCs and mouse Off-sustained RGCs, we were able to probe the relationship between Satb2-RGCs across these species and in the primate retina. In doing so, we revealed similarities and discovered unexpected differences between genetically "homologous" RGC types.
Conserved aspects of DSGCs at the anatomical and circuit level: mice and rabbits Although mice and rabbits as a species diverged ϳ80 million years ago, in both species, there are specific types of RGCs that encode for motion along the horizontal and vertical visual axes. DSGCs in both species have a similar dendritic morphology and stratify in similar depths within the inner plexiform layer. In addition, the connectivity of On-Off DSGC dendrites with other retinal cell types (amacrine and bipolar cells) is similar between mice and rabbits (for review, see Borst and Euler, 2011; Vaney et al., 2012; Mauss et al., 2017) . Moreover, whereas there are species-specific adaptations such as differences in eye size (Ding et al., 2016) , many aspects of the mechanisms that underlie the computation of direction-selective signals are similar between mice and rabbits (for review, see: Borst and Euler, 2011; Vaney et al., 2012; Mauss et al., 2017; Wei, 2018) . Additionally, similar to mice (Métin et al., 1988; Niell and Stryker, 2008; Marshel et al., 2012; Piscopo et al., 2013; Cruz-Martín et al., 2014) , neurons selective for directional motion have been reported in the rabbit dLGN and cortex (Levick et al., 1969; Chow et al., 1971; Stewart et al., 1971; Swadlow and Weyand, 1985) . The data presented here show that the similarities between mouse and rabbit DSGCs also extend to molecular markers, with both mouse and rabbit OnOff DSGCs expressing the transcription factor Satb2. Therefore, together with previous studies, there is strong evidence that the circuitry for implementing direction selectivity in the mouse and rabbit visual system evolved from a common ancestral plan.
Species-specific circuit design for early stages of visual processing
Although macaque monkeys diverged from mice and rabbits ϳ95 million years ago, many of the circuit elements that together form direction-selective retinal circuits in mice and rabbits are also present in the macaque retina. SACs, a type of cholinergic retinal interneuron, are critical for generating direction-selective responses in DSGCs in both mice and rabbits (Yoshida et al., 2001; Amthor et al., 2002; Euler et al., 2002; Taylor and Smith, 2012; Hillier et al., 2017) and also exist in the nonhuman primate retina (macaque and marmoset), as well as in the human retina (Hutchins and Hollyfield, 1987; Rodieck, 1989; Rodieck and Marshak, 1992; Moritoh et al., 2013; Zhang et al., 2018) . Morphological surveys of RGC type variation in macaques and marmosets have proposed putative primate DSGCs based on their co-stratification with the dendrites of SACs in the inner plexiform layer; Dacey, 2004; Yamada et al., 2005; Moritoh et al., 2013; Masri et al., 2016) .
These observations gave rise to the expectation that On-Off DSGCs should exist in the primate retina as well. However, RGCs connected to SACs are not necessarily direction selective (Beier et al., 2013) and physiological data showing directional responses of primate RGC types resembling mouse or rabbit On-Off DSGCs are still lacking. On the contrary, there is mounting evidence that, even when cell types are conserved across species, adaptions to those cell types exist that are species specific and bestow them with visual response properties that are specific to that species. For example, although SACs are molecularly, structurally, and functionally conserved between mice and rabbits and contribute to direction selectively in both species, there are species-specific differences at the synaptic level. Ding et al. (2016) found that the synaptic distribution of excitation (from bipolar cells) and inhibition (from neighboring SACs) is different between mouse and rabbit SACs. Moreover, using a computational model based on these connectivity patterns, they revealed that the difference in input/output organization along the SAC dendrites between mice and rabbits likely enables the mouse retina to detect slower velocities than the rabbit retina (Ding et al., 2016) .
Interestingly, there are also human-and macaque-specific adaptions in the distribution of SACs in the retina. In the adult human and macaque retina, there are dramatically fewer Offsublamina-stratifying SACs than there are On-sublaminastratifying SACs (Rodieck and Marshak, 1992; Yamada et al., 2005; Zhang et al., 2018) . This is in stark contrast to the distribution of On and Off SACs in mice, which have a similar molecular signature to primate SACs but are found in relatively equal numbers. Importantly, the sparsity of Off SACs in humans and macaques can be extended to imply that, if On-Off DSGCs existed in these species, then the circuit underlying direction selectivity to negative contrast (the Off response component) is unlikely to rely on asymmetrical inhibition from Off-SACs, as has been reported in both mice and rabbits (Borst and Euler, 2011; Taylor and Smith, 2012; Vaney et al., 2012; Mauss et al., 2017) .
Other examples of species-specific adaptations can be found in intrinsically photosensitive RGCs (ipRGCs), which are perhaps the best conserved RGC type between mice and primates, including their molecular identity, projection pathway, and behavioral roles (for review, see . However, Johnson et al. (2017) recently showed in tree shrews that some ipRGCs are dopaminergic and proposed that this adaption may increase retinal sensitivity and compensate for the fewer rod photoreceptors found in that species. In addition, Dacey et al. (2003) found that ipRGCs in the macaque encode color opponency, a feature not found in morphologically homologous rodent ipRGCs. Our data further our understanding of species-specific differences in overtly similar cell types and circuits. We find that Satb2 expression is expanded in rabbits to include DSGCs that encode for directional motion along the horizontal and vertical cardinal axes, whereas in mice, Satb2 expression in DSGCs is restricted to those encoding anterior or posterior directional motion.
A recent report showed that Satb1, a homolog of Satb2, plays a central role in establishing the signature bistratified dendritic architecture of On-Off DSGCs and the investigators postulated that Satb2 may also play a role in establishing DSGC dendritic morphology (Peng et al., 2017). Whether Satb2 exerts its influence on rabbit DSGCs at a structural level as well remains to be (F1, F2) and Satb2-expressing Off-sustained RGCs (G1, G2) . The preferred motion directions of cells that were not Satb2-expressing are shown in gray (F2). Scale bars, 20 m (A, B) .
determined. In the future, it will be highly worthwhile to unravel the functional role of Satb2 in both mice and rabbits.
A reasonable argument for the lack of functional evidence for DSGCs in the primate retina is the difficulty in identifying them reliably and consistently because these putative DSGC types comprise a very small fraction (Ͻ3%) of the total RGC population. However, it cannot be excluded that On-Off DSGCs are simply lacking in the primate retina. The macaque retina appears to be organized to support high-acuity vision, with ϳ80% of the RGCs being midget and parasol ganglion cells and the remaining ϳ20 other RGC types each comprising ϳ1% of the population. This massive disparity in the proportion of RGC types, compounded with the different and arguably more complex ethological demands, may have led to some RGC types such as On-Off DSGCs being evolutionarily discarded or repurposed. Molecular analysis of primate RGCs thus far supports this view. Long et al. (2016) recently showed that CART (cocaine-and amphetamine-regulated transcript), another marker for mouse DSGCs (Kay et al., 2011) , is not expressed by RGCs in the macaque (or baboon) retina. In addition, we show here that Satb2-RGCs in primates represent a single type of monostratified-RGCs, unlike mouse Satb2-RGCs, which comprise three distinct functional types including On-Off DSGCs, Off DSGCs, and Off-sustained RGCs. However, our data cannot rule out the possibility that macaque Satb2-RGCs with On-Off DSGC-like morphology do exist but express Satb2 at levels that are too low to detect by standard immunohistochemistry. This suggests that the primate and mouse visual system underwent convergent evolution to solve the problem of how to detect motion. Manookin et al. (2018) recently demonstrated that parasol RGCs in macaques are motion sensitive. Although parasol RGCs do not encode for directional motion, this finding further bolsters the view that the primate retina has evolved divergent mechanisms and RGC types for motion processing.
Molecular 'fingerprinting' of parallel visual pathways
The mouse has become a mainstay model system for studying vision (Huberman and Niell, 2011) . The past decade has seen an intense focus on the cells and circuits that underlie motion processing and perception in this species. This is in part due to the availability of molecular markers and genetic tools to target and manipulate different elements of the motion-sensitive visual pathways Sanes and Masland, 2015; Seabrook et al., 2017) . Our findings add to the growing list of RGCtype-specific molecular markers. We describe Satb2 as a marker for On-Off DSGCs (also recently reported by Sweeney et al., 2017) . Sweeney et al. (2017) found that nearly all posteriormotion-preferring DSGCs (Trhr-GFP RGCs and Drd4-GFP RGCs) express Satb2, whereas very few upward-motionpreferring DSGCs (Hb9-GFP RGCs) express Satb2, which is consistent with our results. However, a recent study by Peng et al. (2017) reported that Satb2 is highly enriched in H9-GFP RGCs. One reason for this discrepancy could be the specific antibody for Satb2 used and its specificity (discussed in Materials and Methods). We extend those findings to reveal that, in mice, Satb2 is expressed not only by anterior-and posterior-motion-preferring DSGCs, but also by two groups of Off-responsive RGC types (Off-DS and sustained-Off).
Mouse vision is low acuity compared with nonhuman primates and humans. An overarching goal of visual neuroscience is to understand how different cell types and circuits contribute to vision in primates-in particular, macaque monkeys, which have visual systems very similar to that of humans-and in humans themselves. Therefore, although understanding the role of Satb2-RGCs in mouse vision is important, it is also critical to understand how feature detectors in primates support visual perception and behaviors. Indeed, with the exception of a few RGC types, our understanding of the functional channels relayed by the primate retina to various brain centers remains scant (for review, see Field and Chichilnisky, 2007) . Cell-typespecific molecular signatures gleaned from mice represent an additional and powerful entry point into studying the structure and function of primate parallel optic pathways. Only a few studies, including this one, have used mouse markers to study RGC diversity in the primate retina and already these studies are uncovering novel and unexpected species-specific features (discussed above; Satb2-RGCs: this study; Foxp2-RGCs: Rousso et al., 2016; ipRGCs: Hannibal et al., 2004 Dacey et al., 2005; Johnson et al., 2017) . The next major step will be to develop viral and molecular tools that allow genetic access to these cell types. For example, Fitzpatrick and colleagues were able to specifically target and study the tuning properties of GABAergic neurons in the ferret visual cortex by virally expressing the calcium indicator GCaMP driven by an evolutionarily conserved mouse-GABAergic-enhancer element (Dimidschstein et al., 2016; Wilson et al., 2017) . Also likely to be powerful are newly developed in vitro preparations of human cortex and primate retina in which the tissue can be kept alive long enough to express transgenes delivered biolistically or from viral vectors that can be controlled by cell-type-specific enhancers (Fradot et al., 2011; Charbel Issa et al., 2013; Moritoh et al., 2013; Sinha et al., 2017; Ting et al., 2018) . Future studies will aim at developing viral tools using conserved Satb2 regulatory elements and nanobody-based tools (Tang et al., 2013 (Tang et al., , 2015 that leverage the expression of Satb2 to drive expression of fluorescent tags, calcium indicators, or channelopsins/DREADDs, which in turn will aid in parsing the features encoded by Satb2-RGCs and, more importantly, their specific contributions to vision.
Using molecular markers and viral tools to study the organization and function of parallel visual pathways in the primate can provide unprecedented insight into visual processing and the development of more targeted methodologies for visual system regeneration and repair. Indeed, a new and exciting area of research is the production of 3D "organoids" (self-assembling miniorgans) to study human eye development and generate human models for retinal diseases (Sluch et al., 2015; Chamling et al., 2016; Kaewkhaw et al., 2016; Völkner et al., 2016; Llonch et al., 2018) . Cell-type-specific markers identified in mice are being used to understand and test the diversity and fidelity of cell types in such organoids. Interestingly, Langer et al. (2018) demonstrated that RGCs generated in human retinal organoids express nearly all of the known markers for mouse On-Off DSGCs (e.g., CART). These findings clearly suggest that there is some conservation of genetic programs that create retinal neuronal diversity from mouse to humans. However, as this and other recent studies demonstrate (discussed above), extrapolating cell identify based on mouse markers is only a first step in resolving "conservation" of cell types across species. Therefore, studies such as this one fill a gap in understanding how mouse RGC markers translate to primate RGC types at the level of both dendritic morphology and projection pattern.
